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Abstract: Knowledge of physical properties and phase equilibria is necessary for the
design and optimization of the equipment for the production of distilled alcoholic
beverages. In this paper the temperature dependence of the excess molar volumes of
the ternary system ethanol + water + 1-pentanol in the temperature range 228.15 –
323.15 K and atmospheric pressure, are presented, due to the importance of 1-penta-
nol among the flavour compounds contained in this type of beverages. The excess
molar volumes are negative over the whole homogeneous composition range, but
tend to positive values towards the binaries ethanol + 1-pentanol and water + 1-pen-
tanol. Because the design of current processes is strongly computer oriented, consid-
eration was also given to how accurate the predictions of the SRK equations of state
are. Different derived properties were computed due to their importance in the study
of specific molecular interactions.

Keywords: excess molar volume, temperature, ethanol, water, 1-pentanol, predic-
tion.

INTRODUCTION

Knowledge of the thermodynamic properties and phase equilibria of ethanol,

water and the different flavour components in distilled alcoholic beverages is of

practical interest to the food technology since the applied industrial procedures are

closely related to their temperature and pressure dependence. In accordance to this,

in the last few years, a considerable effort has developed in the field of thermody-

namic properties although a great scarcity of data is observed in the open literature

for mixtures present in alcoholic beverages. Such properties are strongly depend-

ent on the hydrogen-bond potential of hydroxyl groups, chain length and isomeric

structures, as well as the molecular packing. Due to the different origin of the

grapes, thermal conditions of the fermentation chemical reactions and the com-
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plexity of the composition and molecular chains of the components, currently a

considerable lack of accuracy and thermodynamic consistency in the available

open literature data can be observed. Simulation and optimization are not used in a

proper manner in this matter, an overestimation of the equipment or high en-

ergy-consuming conditions usually being applied due to inaccurate calculations.

The difficulties encountered in simulation in these types of processes have been

commented upon previously.1 With the scope of investigations of the physical

properties related to equipment design of distilled alcoholic beverages processes,

as well as energy optimization and quality and flavouring ensurement, the temper-

ature dependence of the excess molar volumes of the ethanol + water + 1-pentanol

system in the temperature range 288.15 – 323.15 K at atmospheric pressure as a

function of the molar composition is presented in this paper, as a continuation of

previous papers. The experimental heterogeneous region has been studied previ-

ously as a function of temperature,2 hence only the volumetric trend of the homo-

geneous region is encompassed in this study. From the experimental values, the ex-

cess molar volumes were computed and a temperature dependent Cibulka type

polynomial fitted to the results.3 On the basis of the experimental measurements of

such data and the fact that current process design is strongly computer oriented,

consideration was also given to the applicability of the SRK equation of state. Pre-

viously published data of the binary mixtures encompassed in the studied ternary

mixture were used to calculate the Soave–Redlich–Kwong (SRK)4 binary interac-

tion parameters for prediction of the ternary trend. The temperature and functional

dependence of the partial molar quantities, excess isobaric expansibility and iso-

thermal coefficient of pressure excess molar enthalpy are analyzed and commented

upon in terms of steric hindrance and molecular interactions. The use of binary in-

teraction parameters of cubic equations of state was shown to be a simple and accu-

rate procedure5 to predict multicomponent excess trends and compute the derived

multicomponent excess functions of different thermodynamic magnitudes, but

their applicability to mixtures of intense interaction and partial miscibility may be

severely limited if the ternary contribution is considerable, as in this case.

EXPERIMENTAL

All chemical solvents used in the preparation of samples were of Merck quality with purity
better than 99.5 mol%. The pure components were stored in the dark at constant humidity and tem-
perature. In order to reduce errors in the mole fraction, the vapour space in the vessels was mini-
mized during preparation of the samples. Mixtures were prepared by mass using a Salter ER-182A
balance, the whole composition range of the ternary mixture being covered. The obtained accuracy

in molar fractions was higher than � 5 � 10-4. The densities of the pure components and their mix-
tures were measured with an Anton Paar DSA-48 vibrational tube densimeter and sound analyzer,
with a resolution of 10-5 g cm-3 and 1 ms-1. The apparatus was calibrated periodically in accordance
with the vendor instructions using a double reference (Millipore quality water and ambient air at
each temperature). The accuracy in the calculation of the excess molar volumes was estimated to be

better than � 2�10-2 cm3 mol-1 and the temperature of the measurement to � 10-2 K. The experimen-
tal and literature densities of the solvents are given in Table I. More details about the employed tech-
niques and procedures can be obtained from a previously published work.6

1074 RESA et al.



T
A

B
L

E
I.

C
o

m
p

ar
is

o
n

o
f

th
e

ex
p

er
im

en
ta

l
d

en
si

ty
(g

cm
-3

)
w

it
h

li
te

ra
tu

re
d

at
a

fo
r

th
e

em
p

lo
y

ed
c
h

em
ic

al
s

a
t

th
e

st
u

d
ie

d
te

m
p

er
at

u
re

s

C
o

m
p

o
-

n
e
n

t

M
o

le
c
u

la
r

w
e
ig

h
t

2
8

8
.1

5
K

2
9

0
.6

5
K

2
9

3
.1

5
K

2
9

5
.6

5
K

2
9

8
.1

5
K

3
0

0
.6

5
K

3
0

3
.1

5
K

3
0

5
.6

5
K

3
0

8
.1

5
K

3
1

0
.6

5
K

3
1

3
.1

5
K

3
1

5
.6

5
K

3
1

8
.1

5
K

3
2

0
.6

5
K

3
2

3
.1

5
K

li
t.

(2
9

8
.1

5
K

)(a
)

E
th

a
n

o
l

4
6

.0
7

0
0

.7
9

4
4

4
0

.7
9

2
3

0
0

.7
9

0
1

6
0

.7
8

8
0

3
0

.7
8

5
8

9
0

.7
8

3
7

3
0

.7
8

1
5

9
0

.7
7

9
4

0
0

.7
7

7
2

4
0

.7
7

2
8

5
0

.7
7

0
6

2
0

.7
6

8
4

8
0

.7
6

6
2

0
0

.7
6

4
0

2
0

.7
7

5
0

5
0

.7
8

4
9

3

0
.7

8
7

3
0

b

W
a
te

r
1

8
.0

1
5

0
.9

9
9

1
0

0
.9

9
8

6
8

0
.9

9
8

2
0

0
.9

9
7

6
5

0
.9

9
7

0
4

0
.9

9
6

3
7

0
.9

9
5

6
5

0
.9

9
4

8
6

0
.9

9
4

0
3

0
.9

9
2

2
1

0
.9

9
1

2
4

0
.9

9
0

2
1

0
.9

8
9

1
5

0
.9

8
8

0
4

0
.9

9
3

1
5

0
.9

9
7

0
5

0
.9

9
7

1
2

b

1
-P

e
n

ta
n

o
l

8
8

.1
4

9
0

.8
1

8
1

3
0

.8
1

6
3

7
0

.8
1

4
5

6
0

.8
1

2
7

3
0

.8
1

0
9

1
0

.8
0

9
0

7
0

.8
0

7
2

3
0

.8
0

5
3

7
0

.8
0

3
5

2
0

.8
0

1
6

4
0

.7
9

9
7

4
0

.7
9

7
8

5
0

.7
9

6
0

4
0

.7
9

4
0

7
0

.7
9

2
2

5
0

.8
1

0
8

0

(a
)

R
ef

.
1

0

(b
)

R
ef

.
1
1



DATA CORRELATION

The excess molar volumes of the ternary mixture were computed applying the

following eqauation:

V
E = x Mi i i

i

N

( )� �
� �

�

��
1 1

1

(1)

where � is the density of the mixture, �i the density of the pure component i, and xi

is the molar fraction of i. N is the number of components in the mixture. The densi-

ties of the mixture and excess molar volumes are given in Table II as a function of

temperature. The computed excess molar volumes of the binary mixtures were fit-

ted using a temperature dependent Cibulka expression.3 This equation was used to

correlate the ternary derived properties of the mixtures, by using the unweighted

least squares method, i.e. all experimental points were weighted equally. The nec-

essary binary fitting parameters of the encompassed binary mixtures were com-

puted in a previous paper.4 The parameters were calculated using a non-linear opti-

mization algorithm according to Marquardt.7 The ternary derived magnitudes

were fitted to the equation:

�Q123 = �Q12 + �Q13 + �Q23 + �123 (2)

where the binary magnitudes �Qij were correlated by means of the Redlich-Kister

equation.8 (Eq. (3))

�Qij = xixj A T x xpq

q

U
q

p

S

i j

p

��

��
�

�

	
	




�

�
�

�

00

( ) (3)

and �123, the ternary contribution was fitted by means of Eq. (4). �Qij is the excess

property, Apq are the temperature dependent parameters for the binary mixtures

and T is the absolute temperature. These parameters were obtained by the un-

weighted least squares method applying a fitting algorithm as commented above. S

and U are the degrees of the polynomial expansion, which were optimized by

means of the Bevington test.9 In order to obtain generalized parameters, a tempera-

ture polynomial expansion was applied.

�123 = x1x2x3RT(B0 + B1x1 + B2x2) (4)

where R is the universal gas constant. Every Bi ternary parameter is a function of

temperature as expressed in Eq. (5)

Bi = C Tiq

q

q

W

�

�
0

(5)

The values W, the limit of expansion of the series, were selected in order to
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minimize the root mean square deviations. The ternary parameters of Eq. (5) and

the corresponding root mean square deviations are given in Table III. The root

mean square deviations were computed using Eq. (6), where z is the value of the

excess property, and nDAT is the number of experimental data points.

� =

( )exp

/

z z

n

i

n

DAT

DAT

�

�

�

	

	

	

	
	




�

�

�

�

�
�

�

� cal
2

1

1 2

(6)

We are not aware of the existence of the physical property data of this system

in the earlier literature. The excess molar volumes of each ternary mixture at

298.15 K as a function of molar fractino are shown in Fig. 1. This system shows a

negative trend at all experimental compositions and temperatures. A slight de-

crease of this trend (expansive behaviour) is shown towards the binaries ethanol +

1-pentanol or water + 1-pentanol.4 Only expansion is observed in the vicinity of

these binaries due to packing difficulties of the polar molecules among the

aliphatic end of 1-pentanol. Not surprisingly, the lowest excess molar volumes

were exhibited by the binary mixture ethanol + water, this effect being smaller as

ETHANOL+WATER+1-PENTANOL MIXTURES 1077

FIG. 1. Curves of constant excess molar volumes (cm3 mol-1), attaining to the Cibulka equation

(Eqs. 2 and 4), of ethanol (1) + water (2) + 1-pentanol (3) at 298.15 K.



the temperature increases, due to diminishing potential of H-bond formation. A

fact to be pointed out is the huge ternary contribution exibited at high concentra-

tions of 1-pentanol (80 % of the total value). The ternary contribution is expressed

in accordance to the Cibulka equation as calculated using Eq. (4). The results are

shown in Fig. 2, from which two clearly differing trends can be seen a huge nega-

tive tendency when the concentrations of ethanol and water are small and slight

positive near the binary ethanol + water due to the non-tolerance of the aliphatic

end of the large alcohol in the neighboutrhood of this binary mixture. This positive

contribution of the ternary part increases with increasing temperature due to

dispersive forces among the aliphatic ends.

DERIVED PROPERTIES

A frequently applied derived magnitude for industrial mixtures is the tempera-

ture dependence of volumetry, which is expressed as the isobaric expansibility or

thermal expansion coefficient (�). The data reported in the literature usually give

only values of thermal expansion coefficients of both pure compounds and their

mixtures, showing the relative changes in the density, calculated by means of

(–��/�) as a function of temperature and assuming that � remains constant in any

thermal range. As in the case of pure chemicals, a molar fraction can be computed

using the expression:

1078 RESA et al.

FIG. 2. Curves of constant ternary contribution to the excess molar volumes (Eq. (4)) of ethanol

(1) + water (2) + 1-pentanol (3) at 298.15 K.



� = –
 �



ln

,T P x

�

�
	




�
� (7)

which takes into account the temperature dependence of the density. However a more

interesting contribution is made to the field of properties in liquid mixtures if this cal-

culation is done taking separately the partial contributions of the thermal expansibili-

ties of each component in the mixture, as well as that due to non-idealiy in the mixture.

To this aim, the basic expression of the excess thermal expansion is as follows.6

�
E = � – � �i i

i

N

=1
� (8)

where

�i =
x V

x V

i i

i i

i

N

�

�
1

(9)

where �i is the volume fraction of the components in the mixture; this propery can

be described as the variation of density with respect to the property at such a condi-

tion with temperature due to the non-ideality of the mixture. The values of the ex-

cess isobaric expansibility computed from the measured densities are also given in

Table II. The excess isobaric expansibility of the ternary mixture is shown in Fig. 3.

This Figure expresses the excess magnitude as a function of z = x i

i

� . For this sys-

tem, it is convenient to present the �E and (H/P)T,x vs. z (Figs. 3 and 4 of the

ETHANOL+WATER+1-PENTANOL MIXTURES 1079

Fig. 3. Curves of constant excess isobaric expansibility (�E K-1) as a function of z for ethanol (1) +

water (2) + 1-pentanol (3) at 298.15 K.



manuscript) in an alternative form; namely, the quantity z could be replaced by the

molar fraction x. This procedure is a simple way to visualise ternary representa-

tions in an-xy diagram. In Fig. 3 two indicative facts are observed: first the influ-

ence of temperature, which changes the negative values for the highest temperature

towards positive values at the lowest one, secondly, a clear increasing tendency to-

wards the binary water + 1-pentanol system can be observed.

The isothermal coefficient of pressure excess molar enthalpy can be derived ac-

curately from volumetric measurements by application of the following expression:
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(10)

This magnitude stands for the dependence of the excess molar enthalpy of mixing

with pressure at a fixed composition and temperature. This magnitude exhibitis an

inversion of sign as a function of composition for the higher temperatures, gather-

ing negative values in the other cases. In terms of composition, the proximity of the

binodal curve near 1-pentanol shows the lowest values of the isothermal coeffi-

cient of pressure excess molar enthalpy.

Partial molar quantities are important in the study of the dependence of an ex-

tensive property on phase composition at a constant pressure and temperature, a

trend being shown with composition. The partial excess molar volume of a compo-

nent in a multicomponent mixture can be computed from excess molar volume

data by means of:

1080 RESA et al.

Fig. 4. Curves of constant isothermal coefficient of pressure excess molar enthalpy

(HE/P) (J M Pa-1 mol-1) as a function of z for ethanol (1) + water (2) + 1-pentanol (3) at 298.15 K.
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taking into account that the excess volumes have been correlated by Eq. (2), thus the

parameters reported in Table III were used. The limiting pure partial excess molar

volumes should be determined by considering infinite dilution in Eq. (11); such lim-

iting values depend only on the correlation parameters. The values of the limiting

pure partial excess molar volumes for the ternary system at different temperatures

are given in Table IV. In this ternary system, it can be observed that for compositions

rich in 1–pentanol, the magnitude of the partial excess volume decreases because of

the strong effect of ethanol. This magnitude (positive limiting values) also decreases

for higher temperatures. However, in the ethanol + water system, the opposite trend

was observed, this magnitude is slightly dependent on temperature.

TABLE III. Parameters of Eq. (5) in the range 288.15 – 323.15 K and � in accordance to Eq. (6)

C00 = – 8791.047 C01 = 83.660 C02 = –0.266 C03 = – 4.068 � 10-3

C10 = –3923.186 C11 = 40.779 C12 = –0.139 C13 = –3.344 � 10-3

C20 = 11951.086 C21 = –114.193 C22 = 0.364 C23 = – 3.761 � 10-3 � = 0.038

TABLE IV. Partial excess molar volumes at infinite dilution of the binary mixtures in the tempera-

ture range 288.15 – 323.15 K

Mixture V
1

E,�

(cm3 mol-1) V
2

E,�

(cm3 mol-1)

288.15 K

Ethanol + water –4.84 –2.39

Ethanol + 1-pentanol 0.33 0.74

293.15 K

Ethanol + water –4.98 –2.45

Ethanol + 1-pentanol 0.32 0.74

298.15 K

Ethanol + water –5.12 –2.49

Ethanol + 1-pentanol 0.30 0.71

308.15 K

Ethanol + water –5.31 –2.56

Ethanol + 1-pentanol 0.30 0.69

323.15 K

Ethanol + water –5.58 –2.46

Ethanol + 1-pentanol 0.32 0.71
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EQUATIONS OF STATE FOR EXCESS MOLAR VOLUMES

In the last few years, interest in equations of state for the correlation and pre-

diction of thermodynamic properties (excess molar volumes, partial excess and

partial molar volumes, phase equilibria, excess molar ethalpies, etc.) has increased.

This fact is due to their simplicity as models, low data requirements and versatility

in operational conditions. A considerable number of equations of state are avail-

able in the literature, most of them being adequate to obtain acceptable results by

simple rules if the parameters are obtained from binary mixtures encompassed in

multicomponent system. In this case, the Soave–Redlich–Kwong (SRK) equation

was applied to a and b. For a binary mixture, at constant p and T, the excess molar

volume is expressed as follows:

V
E = �V = Vm – x Vi i

i

n

�

�
1

= x
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V
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(12)

where the partial derivatives and the molar volume are obtained from the selected

equation of state. The parameters a and b are given by the following mixing rules:

a = x x k l z a ai j ij ij i j

j

n

i

n

( )( )0.51
11

� �

��

�� (13)

b = x x m
b +b

i j ij

i j

j

n

i

n

( )
2

1
11

�
�

�

	
	




�

�
�

��

��
(14)

Mixing rule R1: lij = mij = 0 (15)

Mixing rule R2: lij = 0 (16)

Mixing rule R3: kij,lij,mij � 0 (17)

where the parameters (kij, lij and mij) are constant values over the whole composition

diagrams for each binary mixture and where z = (xi – xj). A Marquardt7 non-linear al-

gorithm was used to compute the parameters. The accuracy of the different mixing

rules are shown in Fig. 5 for the binary ethanol + 1-pentanol at 298.15 K.

Despite of this, accuracy of the correlation of the experimental data, prediction

of the ternary values fails mainly due to two facts: firstly the liquid-liquid split in

the proximity of the binary water + 1-pentanol leads us to apply only the binary pa-

rameters of the equation of state corresponding to the other homogeneous binaries

contained in the ternary mixture; secondly, the huge ternary contributions (Fig. 2),

which is not taken into account in the ternary prediction (more than 50 % some-

times) produce inaccuracies in the calculations at each temperature. These two
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facts lead to strong understimations of the negative excess molar volumes and high

deviations for all mixing rules. The necessary data for the calculations were taken

from the open literature (Table V).

TABLE V. Open literature and estimated critical values for the compounds included in the ternary

mixture

Compound Pc/bar Tc/K Zc �

Ethanol 61.48 513,92 0.240 0.649

Water 220.64 647.14 0.229 0.344

1-Pentanol 39.09 588.15 0.262 0.579

In general, excess volumes depend mainly on two effects: a) the variation of

the intermolecular forces when two components come into contact and b) the vari-

ation of the molecular packing as a consequence of the differences in the size and

shape of the molecules of the components. In ternary systems, complex interac-

tions occur, steric hindrance and geometrical factors being of key importance to the

understanding and prediction of excess magnitude of the multicomponent. In the

studied system, the intermolecular associations via H-bonding by ethanol and wa-

ter, were also observed for 1-pentanol, which shows relative hindrance and slightly

polar interactions due to the hydroxyl group being partially deactivated. Ternary

contribution of a different character attaining to the 1-pentanol composition is the

cause of the observed huge negative values around the equimolar pseudobinary

ethanol + water system; this packing, not surprisingly is sensitive to the tempera-

ETHANOL+WATER+1-PENTANOL MIXTURES 1095

FIG. 5. Comparison of the experimental excess molar volumes (cm3 mol-1) and fitted by SRK

equation of state with different mixing rules, (�) experimental data for ethanol (1) + 1-pentanol

(3), (——-) R1, (– – –) R2 and (····) R3 at 298.15 K.4



ture, a diminution of this attraction being noted when the temperature increases.

The liquid-liquid split observed (around water + 1-pentanol compositions) agree

with this interpretation; a diminution of the ethanol content destroy the tridimen-

sional structure of the polar molecules and produces a separation into an aqueous

and an organic phase.

In Figs. 1 and 2, the split zone is of slightly positive excess molar volumes or

low negative values, although it is not encompassed. The opposite role of the short

hydroxylated solvents and 1-pentanol is clearly noted by means of the data given in

Table IV, where the limiting partial excess molar volumes are shown. Strong posi-

tive values were computed for the binary ethanol + 1-pentanol, in both cases with a

slight dependence on temperature. The analysis of excess expansibility and iso-

thermal coefficient of pressure excess molar enthalpy reveled a higher sensitivity

of the pseudobinary of ethanol + water with temperature and a change in the slope

of the derivation of the excess molar enthalpy as a function of temperature.

As commented above, despite accurate descriptions of the binary mixtures by

the equation of state (see Fig. 5 for the binary ethanol + 1-pentanol), a low capabil-

ity for prediction was obtained, due to the huge ternary contribution with respect to

the total value of the excess molar volume and the lack of parameters for the binary

water + 1-pentanol. According to the obtained results, it is necessary to apply more

robust mixing rules (non-quadratic, excess Gibbs energy dependent rules, etc.) for

a description of these complex systems (high non ideality, phase split, etc), poor

predicting results being obtained when the interactions among the three different

molecules take place, due to this approximation not being considered in the struc-

ture of the applied combination mixing rules. The important non-ideality and the

considerable ternary contribution support the idea that similar effects will be ob-

served when the addition of other key components is made to mixtures containing

ethanol and water. This intense interaction produces large deviations from ideality

resulting in great difficulties during modelling and simulation. Nowadays, the im-

plementation of adequate mixing rules and a suitable description of the tempera-

ture dependence attractive term (�(T)) parameter for partially miscible, highly-non

ideal multicomponent mixtures is being studied in our laboratory for application to

high order multicomponent cases, which are related to mixtures of ethanol + water

+ key components (congeners), of interest in studies of the distillation of alcoholic

beverages.
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IZVOD

UTICAJ TEMPERATURE NA ZAPREMINSKE OSOBINE SME[A

ETANOL + VODA + 1-PENTANOL

J. M. RESA, C. GONZALEZ, J. M. GOENAGA i M. IGLESIAS
1

1
Departamento de Ingeniería Química, Universidad del Pais Vasco, Apto. 450, Vitoria i

2
Departament d’Enginyeria

Química, Escola Tacnica Superior d’Enginyeria Química, Universitat Rovira i Virgili, Avinguda Països Catalans 26, Cam-

pus Sescelades, 43007 Tarragona, Spain

Poznavawe fizi~kih osobina i faznih ravnote`a neophodno je pri projekto-

vawu i optimizaciji opreme za proizvodwu destilovanih alkoholnih pi}a. U ovom

radu prikazane su temperaturne zavisnosti pove}awa molarne zapremine ternernih

sistema etanol + voda + 1-pentanol u temperaturnom opsegu 288,15 – 323,15 K i

atmosferskom pritisku, zbog uloge 1-pentanola kao poboq{iva~a ukusa u tim pi-

}ima. Pove}awe molarne zapremine je negativno u celoj homogenoj oblasti sastava,

ali te`i ka pozitivnim vrednostima u oblasti binarnih sme{a etanol+1-pentanol i

voda+1-pentanol. Kako je projektovawe procesa uglavnom kompjuterizovano razmo-

treno je koliko su predvi|awa na osnovu SRK jedna~ine precizna. Izra~unate su

razli~ite izvedene osobine zbog zna~aja u prou~avawu specifi~nih me|umolekul-

skih interakcija.

(Primqeno 1. marta, revidirano 2. jula 2004)
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